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Comparing the Economic Impact of Alternative
Metrology Methods in Semiconductor Manufacturing

Payman Jula, Costas J. Spaneslow, IEEE, and Robert C. Leachman

Abstract—Metrology is an essential part of advanced semi- To achieve these goals, it is expected that metrology practices

conductor manufacturing. It accelerates yield improvement and  will migrate from offline to inline, and ultimately be integrated
sustains yield performance at every stage in both new and mature in the tools (“in situ”) [1].

processes. Advances in metrology are needed to achieve chal- Researchers have concentrated on the economic impact of
lenging industry goals, such as smaller feature sizes and reduced v IC Imp

time for introduction of new materials and processes for future Particular aspects of metrology tools such as the sampling policy
technology. To achieve difficult industry goals, it is expected [2], [3] and the precision [4]. Dancet al. [5] tried to capture
that metrology practices will migrate from offline to inline, and  the economic behavior of metrology tools through a modified
ultimately, to in situ. Economic models are needed to study the cost of ownership (COO) model. Still there is a need for more

costs and benefits of introducing new metrology technologies and h . dels to identi | ts of ti |
to compare alternative metrology practices. Several qualitative comprehensive models to identify elements of cost in complex

and quantitative models are presented in this paper to study the Metrology systems.
elements of revenue and cost associated with different metrology ~ Unless convinced otherwise, manufacturers are usually reluc-
tools and practices. Comparisons betweenn situ, inline and  tant to adopt major equipment and technology changes because
offline metrology systems are made. The cost components of the ot the short-term uncertainties that arise during the introduc-
metrology methods are analyzed and discussed with respect to . . . .
steady state process control as well as their effect on time to 0N Of néw technologies. Appropriate metrology models assist
yield. Monte Carlo simulation models are used to study each the semiconductor manufacturers to assess the costs that drive
system under different scenarios. their businesses and help them in formulating the right opera-
Index Terms—Continuous-time Markov chain, economics, tional strategies. The ab?lity tg effectively. identify cost drivers
metrology, semiconductor manufacturing. and manage cost reductions is a competitive advantage for any
manufacturer. Therefore, accurate models are needed to study
the costs and benefits of introducing new technologies and eval-
uate different practices. Toward this goal, this paper introduces
ISTORICALLY, semiconductor manufacturers rely ormew analytical models to compare different metrology methods
statistical process control (SPC) techniques for maii a litho track system.
taining the processes within prescribed specification limits. Although this study tries to address the economics of
While semiconductor manufacturing has continued to pursteetrology systems in a general form, the examples and illustra-
ever-tightening specifications due to the well-known problenions are developed for litho track systems. Lithography steps
associated with the decreasing feature size, it has also bec@fseamong the most crucial, and lithography tools are among
clear that there is a need for advanced-integrated proc#¥ most expensive in semiconductor manufacturing. Most of
control. This approach requires a major shift in operationtie models offered in this document can easily be modified and
methods and requires the existence of complex, flexible archiktended to other equipment sets and metrology tools.
tectures to meet the above requirements. New metrology toold=ig. 1 shows different metrology methods in a litho track
are introduced as an essential part of these architectures. System in terms of the position of the metrology tool in the
Metrology accelerates yield improvement at every stagystem. Wafers first enter the track system, where they go
in both new and mature processes. Appropriate metroloffyough steps such as coating and baking in preparation for the
practices can reduce the cost and cycle-time of manufacturimgin lithography process (stepper), in which small features
through better characterization of tools and processes. Aate printed on the wafer. After lithography, wafers go through
vances in metrology are needed to achieve difficult industagditional steps in the track system, such as post exposure bake
goals, such as smaller feature sizes and reduced time for in{(fdEB) and development (DE).
duction of new materials and processes for future technology.The qualities of the features defined during lithography
(which in turn depends on the quality of the lithography
process) have a direct effect on the quality of the final product.
Manuscript received May 9, 2002; revised July 15, 2002. Therefore, we are interested in measuring and controlling the
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Litho-Track System flows in our models, or attempt to evaluate the investments in
R il terms of interest rates or discounted returns or tax benefits.
X Track !
X Stepper !
| COAT | II. ANALYTICAL MODELS OFMETROLOGY METHODS
1 — :
i ! In general, since metrology operations are in series with the
| | ! h duce the throughput and increase the work
! Q) processes, they redu ughp :
@ ¢ , ‘/ ® i in process (WIP) and the cycle time. WIP inventory between

a process step and the subsequent inspection is at risk if the
process drifts to an undesirable state. Manufacturers have been
i trying to reduce these risks using different methods such as

! changing the sampling policies and send-ahead samples.

; Simply reducing the number of samples may result in a better

i cycle time and WIP, but it negatively affects the throughput of

[ cont 1] s
& e

good products. Product yields at subsequent steps depend on the
quality of information extracted from the metrology data. The
quality of information generated from the metrology measure-
ettt ittt ittt ments can be partly characterized by its accuracy, precision and

— COAT Stepper/Metrology sampling policy.

o

It is desirable to identify bad products passing through the
metrology tool and detect the out of control state of the process
as soon as possible. This can be achieved by tightening the ac-
ceptance criteria. If, however, these criteria are too tight, then
good products may be rejected, or the system may be shut down
______________________________________ | unnecessarily, resulting in production loss.

Fig. 1. Different metrology methods applied to a Litho track system: (a& Another cause for production loss is the WIP betwe(.an the
offline, (b) inline, and (cjn sitw. “M” indicates the position of the metrology Process tool and the metrology tool. If the process drifts to
tool. an undesirable state, the process keeps manufacturing bad
products until they are detected by the metrology tool. All the

. roduct in WIP processed since the process went out-of-control
the metrology tool is located after the track system. Wafers 41a .
9y Y ds to be reworked or discarded. A send-ahead (also known

transported to the metrology tool by lots. Lots are then measursdt

by the metrology tool with an appropriate sampling policy. oS look-ahead) sample method eliminates the WIP risk but re-

fline metrology tools are usually accurate and fast, but are ag%ces_the process throughput and utilization. In the send-ahead
: - sampling method, one or more wafers are processed and then
expensive and occupy significant clean room space.

. . o ?ubmitted for measurement. The remaining wafers in the batch
Newer inline systems occupy little footprint in the fab. Thei re processed after the measurements are complete, the results
accuracy and speed, however, is generally inferior to offlin&'¢ P piete,

though rapidly improvingln situ metrology systems are fully af?”zzlreeaflcs)(rag ?[ngtgﬁsgq duelzir;]:br;telfoa?rilijrﬁi?z.e the WIP in the
integrated and the measurements are done while the wafers are - :
em. Assuming the same throughput for metrology tools, mi-

being processed or shortly after the process is completadu Sys

lithography systems are under development and expected t rf}f)%mgrf\r;cr: dosmilrr:tz tor;:ggeirﬁi?g xggifgalg:g%ucej tgrea\t/i\gr?
introduced with future generations of lithography tools. ' 9 gy op

To sty the lemerts ofcot 1 th sbove yste, e[S e P oo i e it on tlzaton vow,
qualitative and quantitative models are introduced in this papgr. ' SIDHILY € app . quatity
llected by inline andn situ tools, along with the price tag

In the next section, the major components of the costs and b0 hese tvbes of equipment. should be considered in making a
efits for metrology practices are analyzed and two revenue aanC ision yp quip ' 9

cost models are introduced. The effects of metrology metho
on revenue during the steady state and the time to maturity
are explained. Monte Carlo simulation studies are conducted
to compare different scenarios in Section lll. First, the results Overall equipment efficiency (OEE) is one of the most im-
of analytical model are compared to those of simulation modebrtant metrics for measuring equipment performance. OEE is
for a simple system. Then, the effects of yield and price strudefined as the ratio of the theoretical time needed to produce
ture, control policies, and the precision of metrology tools asalable wafers in a given period, divided by the total time in
examined in a series of scenarios. The results are presentedthatiperiod [7]. Theoretical time refers to the time required by a
analyzed for each scenario. Recommendations are providedrf@chine in perfect working order performing the process spec-
each scenario and results are discussed. Conclusions and fufigation under ideal conditions.

avenues of study are explored at the end. Since, in this study, we are mainly interested in understanding
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The first set of losses is associated with the metrology tor 100% ~A Down
its specifications, and the control policy chosen to detect a Unavailable PM.
improve the bad process. The term “Bad process,” in this dc Engineering
. Non-metrology Y
ument, refers to the process that is out of control and produc ;.4 osses No Operator
out-of-spec products; the products that are not conforming Idle o
the required specifications set by the fab management. Thi .
specifications are those that are measured by the metrolc " Ofe,h;ereZOZ::S:
Y ’ )

tool. The crosshatched area between OEE and*QEFEig. 2 ~ Metrology
shows the first set of losses. These losses are the focus of ™ated losses
study and will be further explored.

The second set of losses contains any loss that is not captt
in the first set. These losses are those that occur regardles
the type of metrology tool and the control policy. Any loss of
production due to unavailability of machine, bad utilization ofig- 2.  The concept of OEE.
equipment and slow process belongs to this category. The area
between the OEE and 100% available time in Fig. 2 shows this Out of Control
set of losses.

M =T > - <>
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z
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B. A Mathematical Model of Metrology Tools
) ) . . ., In Control o Failure Si.gnal/

Assume the main process is up and in the “In Control” state Repair
for an exponential amount of time with the mean of mean time
between failures (MTBF) of the process. The process goes to #ige 3. Continuous-time Markov chain model of a metrology system.
“out-of-control” state and stays in this state until detected by the
metrology tool. The quality of information extracted from the Solving the limiting probability equations of this system [6]
metrology measurements can be partly characterized by paragsult in:
eterse andS. The type | errorg, is the probability of rejecting a 1
good product or process. The type Il err@rpon the other hand, Py = ACTM T Q)
shows the probability of accepting a bad product or process. The 1+ srisra—p T MTTR (@ + srrmr)
power of metrologyl — 3, is the probability of correctly re- p, —
jecting a process or product. Accuracy, precision, and sampling ACTM

olicy in metrology are among the factors that affect the qualit
Ef inf%rmation ex%?acted fromgthe metrology tool. | g MTBE(1 - ) [1 + ﬁﬂw—ﬁ) +MTTR (a + ﬁ)]

The time that is spent in the out-of-control state by the equip- (2)

ment is proportional to two factors; first, the time required for o
the results of the metrology tool to become ready, and secoli€ré£o and P’y are the long-term probabilities of the process

the power of the metrology measurement. It is assumed that fifgnd “in control” and “out of control,” respectively.
equipment stays in the out-of-control state for an exponentia] |h€ Process under control produces acceptable products,

amount of time with the mean of ACTMI — 3), where(1 — ) while the out-of-control process produces bad products that

is the power of the metrology tool and ACTM is the averag@USt be reworked. The faster the ou_t—of—control _statg _is

cycle time to metrology. ACTM is the response time from thdetected, the faster the process is calibrated; which limits

metrology tool, which depends on the amount of WIP betwed® amount of required rework. Therefore, the cost of a bad

the process and the metrology tool. After the metrology toBj€1rology practice is twofold. First, there is the cost due to the

gives the signal that the process is out of control, the procég§t time of equipment (metrqlogy and I',tho track_), |ncll_Jd|ng

is shutdown and the repair starts. the expenses of investment in purchasing and installing the
It is assumed that the tool stays in this state, which is Ca"g&achlnes, maintenance, footprint, etc. The second cost element

the “Failure Signal/Repair” state, for an exponential amount greurs because of WIP rework, resulting in material, energy

time with the mean of the mean time to repair (MTTR) ge2nd labor costs. These costs are further studied in this section.

cause of the metrology type | err(ty), t_here i_s a probability C. Revenue Models

that the metrology tool generates a failure signal even though

the process is in the good (in control) state. During any time in- L&t V; denote the number of machines of typthat are in-
terval , in which the process is actually in the good state, trféalled in the factory. Ignoring the requirement thatmust be
rate at which the equipment will be declared to be in the “Failug integer, Leachmaet al. [7] have shown

Signal/Repair” state i * h). (

I/MTTR

The above system is a description of a continuous-time
Markov chain consisting of three states: namely, “In Control,”
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to processw = D/Yr wafers per monthD is the designed  M7BE 4 Dev.
output capacity and is the mature die yieldI’h PT; is the Phase
) X i MTBF gy b--mmmmmo
total theoretical process time per wafer (expressed in hours) “
equipment type, considering all process steps performed by
that equipment. The right-hand side is the total machine hou
that can be devoted to processing (at theoretical rates) cons
ering the achieved equipment efficiency. Assuming a revenue (
R, for each wafer for the current day, the total revenue per da
in the near future can be calculated as
Ro(N;) (OEE7) (24)
ThPT; '
Replacing theDEE* with (P * OEE), where theP, is the Fig. 4. Different phases of a process life cycle.
long run probability of the process being in the good (in-control)
state, result in MIBF

Ramp Phase Mature Phase

MTBF, low  pe=—m——————

4) 0 Time

A Dev. & Ramp
Ro(N;)(OEE;)(24) A
ThPTL MTBF},,.H;, ——————————————— +

: ] (5)

Mature Phase

Revenue/Day= {

ACTM 1
L+ MTBF(1—3) T MTTR (0‘ + MTBF)

As expected, the revenue increases with the decling Gf
ACTM and MTTR and decreases with the decline of MTBF.  y/78f,,
Over the long run, where the price is declining according tc i
a continuous discount factor of the total revenue realized up
to time H (expressed in days), assuming zero start-up and pro 0 r
duction delays, is expressed as

/ Ro(Ni) (OFED) (24) .,

v

Time

Fig. 5. A simplified process life cycle.

ThPT; of the experience and knowledge comes from trial and error.
Ro(N;) (OEE?) (24) (1 — e 7H Each equipme_nt failure contributes to the knowledge abqut _that
= ThET. ( ) . (6) equipment/recipe. Here, we assume the time to maturity is a
! function of the number of detected problems through time. The
more problems are found, the more experienced the staff will
become. Finally, aftek number of trial and errors, the equip-
Up to this point, the behavior of metrology tools was conment goes to the mature state and the failure rate decreases. We
sidered for mature and stable process technology. Howeverggs interested in finding the effect of metrology tools and the
depicted in Fig. 4, each process goes through three differeghtrol policies on the value d&f. Changes of’ can then be
phases: development phase where the process is firstintrodugeghslated to cost.
the ramp phase where the volume of production is increasedthe number of required equipment is usually planned for the
and the mature phase where the process sustains high volyfagure case; therefore, there is some lost revenue due to the
production. unsatisfied demand in the development and ramp phases. Sim-
During the development phase, the equipment is installed gpg to (3), the satisfied demand in development and ramp phase

an appropriate recipe is applied. In this phase, the process UgYz), assuming the mature die yield, follows
ally does not produce any marketable product. Therefore, this D
R

phase is not in our interest. The process starts producing sal- (
able products in the ramp phase. In the beginning of this phase, F
equipment fails more often. After some time, the process is cal-Here, the Py is the long-term probability of the process
ibrated, the rate of failures declines, and the process becorheing under control during the development and ramp phases
mature. and follows an equation similar to (1). All of the notation in
Here, we are interested in studying the effect of the metrologfyis section concerns the equipment performance in the devel-
tools on the ramp phase. For simplicity, we approximate tlopment and ramp-up phases and is similar to the notation for
above curve with a step function, where the process has the mature phase. Using (3) and (7), the unsatisfied demand per
average (MTBE,,) in the development and ramp phases andonth during the development and ramp phases can be calcu-

v

D. The Effect of Metrology Tools on Ramp-Up

) ThPT; = (N;)(OEE;)(Por)(720). )

jumps to the mature phase (MTBE,) at timeT (Fig. 5). lated as
There are many factors affecting the duration of the ramp Por
phasgT). Studying the behavior of these factors is beyond the D (1 - 7) (8)
0

scope of this paper. However, it is known that the ramp-up du-
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Considering the continuous-time Markov chain model for thiae amortized annual cost due to labor, material, and infrastruc-
development and ramp phases, therefore, the expected valueitd per wafer started’ W is the total amortized annual cost
T, the elapsed time fat number of repairs, can be calculategber wafer started. The last term captures the annual fixed cost
as of manufacturing.Lf andS f are the fixed labor cost and the
fixed space cost, respectively, that are independent of wafer start
T = (k)(ACTM)/[P1r(1 = B)]. (9)  volume and the number of installed equipment.
Using (1), (3) and (14), the total expenses of the machines per

The total possible revenue during the development and ragé)%rscan then be expressed as

phases, assuming all demands are satisfied, can be express
EPY(Machines)

T
D
-yt
/0 Roe™ " . (10) (M) (D)(ThPTiene)
ACTM 1 __
L+ smera—p + MTTR (o + 57757)
720(Yr)(OEEjitho)

Here,y is the continuous discount factor for the exponentially
declining sales price. The lost revenue can be calculated as

T D Por D)(ThPT;
Roe™ "= <1 - —> dt. 11 \__(D)(ThPT;)
/0 ¢ 35 P, (11) + (cMmet)(Nmet)+i€§M(CML) ) (OFE)(730)"
The total lost revenue can be calculated as (15)

AR= R, (D) <1 ~ @) (1 _e—w(k.ACTM/PlR(l—ﬂ))) The “litho” subscript represents the lithography system,
30 Py Y which includes the exposure unit and the track line. The first
term in (15) captures the effect of metrology in lithography
costs through its effective processing time. The second term
is the cost associated with the purchase, maintenance and the
The comprehensive revenue model consists of the combirfedtprint of metrology devices. The third term captures all
revenue obtained in the ramp phase and the mature phase. diher equipment expenses in the fab.
total revenue obtained in the ramp phase can be expressed asAs discussed earlier, different metrology methods generate
D Pop\ [1— e (- ACTM/[Pia(1-8)) differe_nt amounts of WIP and rework. The rework consumes
R, <_> <_> < ) . (13) materials, energy and labor. Furthermore, the mask life, which
Po v is considered dependent on the number of exposures, causes the

Given the duration of the mature phase, the total reven8¥Penses to increase in proportion to the amount of rework. Ac-
obtained in the mature phase can be calculated by (6). Terding to our continuous-time Markov chain model, the total
summation of (6) and (13) should be considered in selectif§t-of-control machine-hours spent processing the number
the metrology setup. of wafers in lithography to be reworked, will be:

The revenue models are more tailored toward the marketing P,
department’s needs versus the manufacturing expenses. In other (wet)(ThPT;) = <—
words, they only consider the incoming cash flow to the com- 0
pany through sales. These models do not consider the outgoin§onsidering (1)—(3), and (16), the total number of reworked
cash flow and the expenses of the company. What if a metrologgfers in lithography per month can be calculated based on the
tool improves revenue, but the price of investment is high? Hd@tal monthly production rate as
about the maintenance expenses and labor costs associated with ACTM D
each metrology system? These issues will be addressed by an- Wy = [(7] <—> . (17)

- . . 1 - B)MTBF Y,
other model, called the cost model, in the following section. 2 F
The fab total expense per year due to the number of wafers

F. The Cost Model of Metrology Methods started includes two terms. The first term captures the expenses
gge to the reworked wafers in lithography steps. These expenses
reflect material costs, energy, labor and masks. The second term

E. Comprehensive Revenue Model

) (N;) (OEE]) (720).  (16)

Leachmaret al.[7] expressed the annual expense of a fab

Z (Ce; + Le; + Se;) N; includes all expenses that are functions of the number of wafers
s o g started. All the rework done on the other equipment sets (except

lithography) are assumed to belong to this category. Therefore,

+(Lw+ Mw+ Sw) 12w+ (Lf+5F). (14) e toal expenses per year due to the number of wafer starts is

cCwW

D
The first term captures the machine expensgs, Le;, and EPY(Wafer startefl= (CW,.)(12) (Y_F>
Se; are the amortized annual costs due to purchasing, labor, and ACTM
foot-prints, respectively, per machine of equipment tygeM; <m> + (CWother)(12)w. (18)

captures the total amortized annual cost per machine of equip-
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